Abstract.-The complete amino acid sequence of a human yG1 immunoglobulin (Eu) has been determined and the arrangement of all of the disulfide bonds has been established. Comparison of the sequence with that of another myeloma protein (He) suggests that the variable regions of heavy and light chains are homologous and similar in length. The constant portion of the heavy chain contains three homology regions each of which is similar in size and homologous to the constant region of the light chain. Each variable region and each constant homology region contains one intrachain disulfide bond. The half-cystines participating in the interchain bonds are all clustered within a stretch of ten residues at the middle of the heavy chains.
lin (Eu) has been determined and the arrangement of all of the disulfide bonds has been established. Comparison of the sequence with that of another myeloma protein (He) suggests that the variable regions of heavy and light chains are homologous and similar in length. The constant portion of the heavy chain contains three homology regions each of which is similar in size and homologous to the constant region of the light chain. Each variable region and each constant homology region contains one intrachain disulfide bond. The half-cystines participating in the interchain bonds are all clustered within a stretch of ten residues at the middle of the heavy chains.
These data support the hypothesis that immunoglobulins evolved by gene duplication after early divergence of V genes, which specified antigen-binding functions, and C genes, which specified other functions of antibody molecules. Each polypeptide chain may therefore be specified by two genes, V and C, which are fused to form a single gene (translocation hypothesis). The internal homologies and symmetry of the molecule suggest that homology regions may have similar three-dimensional structures each consisting of a compact domain which contributes to at least one active site (domain hypothesis). Both hypotheses are in accord with the linear regional differentiation of function in antibody molecules.
Antibodies or immunoglobulins can interact with a wide range of different antigenic determinants and, after specific binding to an antigen, they play a fundamental part in physiological functions of the immune response. The specificity of antigen binding depends ultimately upon amino acid sequences of the variable or V regions of antibody molecules. It is the diversity of these sequences which results in the range of specificities required for a selective immune response. In contrast, other regions of the antibody molecule have relatively constant sequences and are responsible for physiological functions. Like enzymes, these C regions appear to have evolved for a restricted set of interactions. This unusual picture of intramolecular differentiation has emerged from studies of the structure of immunoglobulins from different animal species.' To date, only portions of immunoglobulin molecules have been subjected to amino acid sequence determination.
We now report the amino acid sequence of an entire human 'yG1 immunoglobulin (molecular weight 150,000), the location of all disulfide bonds, the arrangement of light and heavy chains, and the length of the heavy chain V region.
Materials and Methods.-The isolation of the myeloma protein Eu2 and the preparation of its CNBr fragments3' 4have been described. Similar methods were used for the isolation of the -yG1 myeloma p)rotein He and for the preparation of its CNBr fragments.
We have previously described the methods used for enzymatic digestion with trypsin, chymotrypsin, and pepsin, gel filtration, ion exchange chromatography, high voltage paper electrophoresis, determination of NH2-terminal and COOH-terminal residues, amino acid analysis, and determination of amino acid sequences by the dansyl-Edman procedure.4-8
The positions of glutamine and asparagine were assigned9 by determining the electrophoretic mobility of peptides and by amino acid analysis of the peptides after enzymatic hydrolysis. The half-cystinyl residues contributing to each intrachain disulfide bond were determined10 using the diagonal electrophoresis method.1'
Results.-The organization of the whole molecule is shown in Figure 1 ; an unequivocal proof of the arrangement of the two identical light chains and two identical heavy chains has already been given. There are several strikingly linear arrangements in the primary structure. From their amino termini to half-cystines V, the light and heavy chains can be aligned or put in register. The intrachain disulfide bonds are linearly and periodically disposed.'2' 13 In accord with the alignment of light and heavy chains, corresponding intrachain disulfide bonds are in similar positions and the disulfide loops are of approximately the same size.
Previous studies7 have suggested that V regions of light and heavy chains have similar lengths and begin at the NH2-termini; this will be confirmed below. The CL region of the light chain has the same length as VL, but the CH region of the heavy chain is about three times as long. CH may be divided into three homologous regions of approximately equal length: CH1, CH2, and CH3 (Fig. 1) .
We have already reported the amino acid sequence of the first 877 and the last 224 residues8 of the heavy chain as well as the partial sequence of the entire light chain. 6 The complete amino acid sequence of the light chain (214 residues) is shown in Figure 2 . Positions of the half-cystinyl residues may be compared with Figure 1 and the methionyl residues may be correlated with previous studies on the CNBr fragments of Eu.3' 4 The variable region extends through residue 108. In accord with other studies,1 valine 191 is related to the Inv specificity. 2 The complete sequence of the heavy chain (446 residues) is presented in Figure  3 which may be compared with Figure 2 for alignment with the light chain sequence. Isolation of a single glycopeptide8 indicated that the polysaccharide 1 10 20
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50 60 portion of the molecule is attached at Asx residue 297.14 In a previous study8 we have suggested that glutamyl residue 356 and methionyl residue 358 may be associated with Gm 1 specificities. The sequence of Eu (Gm 4+) between residues 211-252 can be compared with the partial sequence of immunoglobulin Daw'7 (Gm 4-). The presence of arginine in position 214 of Eu and lysine in a comparable position of Daw may be associated with their Gm 4 specificities.'8 Of particular significance is the determination of the point at which VH ends and CH begins. A CNBr fragment comparable to fragment H4 was isolated from myeloma protein He which has the same Gm specificity as protein Eu. The sequence of the amino terminal portion of the CNBr fragment from He differed from that of the H4 fragment from Eu.2' with the corresponding sequence of the heavy chain of myeloma protein He. data suggest that the transition between VH and CH is located in the vicinity of residue 114 (Eu numbering). Studies on a number of additional proteins and a search for VH region subgroups7 will be required to locate this point definitively. Discussion.-The present studies provide proof of the covalent structure and arrangement of chains in -yG1 immunoglobulin. The half-molecule of Eu is the largest protein unit (446 + 214 residues) for which a complete amino acid sequence has been determined. In a protein of this size, one cannot neglect the possibility of small errors in sequence assignment; for this reason we are carrying out a number of further checks using various methods of peptide cleavage and fractionation.
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One of the most striking features of the immunoglobulin molecule that emerges from the completed sequence is the sharp demarcation of its polypeptide chains into linearly connected regions that are associated with different functions. Variations in the sequences of paired VH and VL regions for the function of antigen binding in the selective immune response, and at the same time, conservation of sequence in CH and CL regions for other immunological functions appear to require special genetic and evolutionary mechanisms. 22 The amino acid sequence of Eu provides convincing evidence that the immunoglobulin molecule evolved by successive duplication of precursor genes.23 24 Our analysis of a complete heavy chain has revealed an additional homology region (CH 1), the structure of which was not previously known. Earlier comparisons7' 8 of polynucleotide sequences corresponding to both chains of Eu showed evidence of homology between VH and VL and homologies among CL, CH2, and CH3. A complete comparison of the amino acid sequences of CL, CH1, CH2, and C113 is given in Figure 5 . In a stretch of 100 residues, any two regions are identical in 29 to 34 positions. It is noteworthy that the stretch in the heavy chain from residue 221 to 233 which contains the interchain disulfide bonds5 has no homologous counterpart in other portions of heavy or light chains.
In the data accumulated so far, little or no homology has been found between V and C regions. This prompts the speculation that V genes and C genes diverged early in the evolution of antibodies to serve two major groups of functions: antigen recognition functions (ARF) and effector functions (EF) such as interaction with cells and complement. The order of emergence of CL genes or CH genes from a precursor gene is not apparent from the data. A comparison with sequences of ju, a, 6, or e chains may indicate similarities in their VH regions25 and may show whether any of the homology regions are conserved in constant regions of heavy chains of these classes. 26 Early evolutionary divergence of V and C genes is consistent with the evidence27 28 that each chain is specified by two genes, V and C, and the hypothesis7, 22, 29 that V gene episomes are translocated to C genes to form a single VC The locations of the interchain and intrachain disulfide bonds, the extensive homologies, and the alignment of the light and heavy chains with each other suggest that the overall relationships described above will be conserved in the three-dimensional structure regardless of the details of folding.
The exact contribution of the variable regions to the antigen combining site must also await analysis of the three-dimensional structure. It is known that the Fab fragment contains both VL and VH regions, and affinity-labeling experiments24 indicate that tyrosyl residues34' 3 in these regions are directly involved in antigen binding. The constancy of the disulfide bonds in VH and VL regions and their coordinate location suggest the possibility that the site is fixed by these bonds and that variations in the branches of a chain connected by each bond may be sterically arranged around the bond as a center. The closely homologous CL and CHi regions may serve additionally to stabilize the structure in the face of the variation, so that both VL and VH can participate in the site.
In contrast to the diversity of V regions, the origin of which is still unknown,22 the C regions appear to be quite stable in various animal species. Recent studies8 show striking resemblances in the Fc portions of rabbit23 and human 'yG immunoglobulin. In this respect, C regions, like enzymes, may have evolved to interact with specific molecules, e.g., those of the complement system. The presence of genetic differences in C regions has not so far been related to their function, but there is no reason to expect that the origin of variations in C regions will differ from other genetic polymorphisms.
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